Mechanical tension governs epithelial morphogenesis and homeostasis, but its regulation remains poorly understood. Tension is commonly contractile, arising when the actomyosin cortices of cells are mechanically coupled together by cadherin adhesion. Here we report that caveolae control levels of epithelial tension and show that this is necessary for oncogene-transfected cells to be eliminated by apical extrusion. Depletion of caveolin-1 (CAV1) in the surrounding epithelium, but not in the oncogene-expressing cells, blocked extrusion leading to the retention and proliferation of transformed cells within the monolayer. Tensile stress was aberrantly elevated in CAV1-depleted monolayers due to elevated levels of phosphoinositide-4,5-bisphosphate (PtdIns(4,5)P 2 ) causing increased recruitment of the formin, FMNL2. Oncogenic extrusion was restored to CAV1-deficient monolayers when tension was corrected by depleting FMNL2, blocking PtdIns(4,5)P 2 , or disabling the interaction between FMNL2 and PtdIns(4,5)P 2 . Thus, by controlling lipid signalling to the actin cytoskeleton, caveolae regulate mechanical tension for epithelial homeostasis.
Introduction
Epithelia commonly display mechanical tension (Fernandez-Gonzalez et al., 2009; Martin et al., 2010; Ratheesh et al., 2012 ). An important source of this tension arises when the contractile actomyosin cortices of individual cells are mechanically coupled together by cadherin cell-cell adhesion (Acharya et al., 2018; Charras and Yap, 2018;  le Duc et al., 2010) . Cadherin signalling also modulates the activity of the actomyosin apparatus itself (Kovacs et al., 2002; Wu et al., 2014) . Together, these processes create a network of tensile adherens junctions that extend throughout epithelial sheets. During development, this tissue tension exerts morphogenetic effects that are apparent on different length scales. Local patterns of tension participate in local cellular rearrangements, such as neighbour exchange and cellular ingression (Fernandez-Gonzalez et al., 2009; Kobb et al., 2017; Rauzi et al., 2008; Samarage et al., 2015) ; but tissue-scale anisotropies have also been demonstrated, which drive large-scale patterns of folding in the embryo (Martin et al., 2010; Rauzi et al., 2015) .
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These instabilities in tension are controlled by the spatially and temporally restricted expression of developmental signals, such as the transcription factors Twist and Snail (Martin et al., 2010) , whose impact is ultimately expressed through cytoskeletal regulators, including the RhoA GTPase.
Junctional and tissue tension is also evident in morphologically stable epithelia, such as confluent cultured monolayers (Acharya et al., 2018; Trepat and Sahai, 2018; Trepat et al., 2009; Wu et al., 2014) . Here, tension participates in physiological and homeostatic processes, such as barrier permeability (Turner et al., 1997) and the elimination of cells by apical extrusion (Saw et al., 2017) . Interestingly, the level of junctional tension appears to be functionally important. For example, epithelial permeability is compromised when tension is reduced (Acharya et al., 2017) and also when it is increased (Fanning et al., 2012; Tsukita et al., 2009 ). This implies that there must be cellular mechanisms that determine (or "set") the steadystate level of junctional tension necessary for epithelial homeostasis. What those mechanisms may be is not yet known.
Caveolae are plasma membrane organelles that have recently been implicated in cellular mechanics. These flask-shaped membrane invaginations are formed through the action of the integral membrane proteins, caveolins, and their coat proteins, cavins (Parton and Collins, 2016; Parton and del Pozo, 2013) .
Caveolae flatten and disassemble when mechanical stress is applied to cells; this limits the degree to which membrane tension is increased by mechanical stress (Sinha et al., 2011) . Thus, caveolae are mechanosensitive and responsible for eliciting compensatory mechanical responses. Their ability to buffer membrane tension has been attributed to the release of a membrane reservoir when caveolae disassemble (Sinha et al., 2011) . Caveolae also have other diverse effects which can potentially influence cell signalling and mechanics, including control of the lipid composition and organization of the plasma membrane (Ariotti et al., 2014) .
However, whether these or other potential pathways are utilized to regulate tissue tension -and what role they may play in epithelial homeostasis -has not been tested.
We now report that caveolae set levels of monolayer tension by controlling junctional contractility. This affects the ability of epithelia to eliminate oncogeneexpressing cells by apical cell extrusion. The latter process (also called oncogenic cell extrusion) occurs when minorities of oncogene-expressing cells are surrounded by oncogene-free neighbours (Hogan et al., 2009; Kajita et al., 2014; Leung and Brugge, 2012) . It is compromised when the mechanical integrity of the surrounding epithelium is disrupted by E-cadherin depletion (Hogan et al., 2009 ) and when apicalbasal patterns of mechanical tension are altered at adherens junctions (Wu et al., 2014) . This homeostatic response of extrusion is elicited by many different oncogenes and in a range of epithelia, suggesting that it is a common epithelial response to early events of transformation. We show that oncogenic extrusion is compromised in CAV1-deficient epithelia. Strikingly, caveolae are selectively required in the neighbouring cells, rather than in oncogene-expressing cells. This is due to an abnormal elevation of junctional tension in the epithelium that arises from aberrant actin regulation by phosphoinositide-4,5-bisphosphate (PtdIns(4,5)P 2 ).
RESULTS

Caveolin-1 supports oncogenic extrusion.
CAV1 is a fundamental structural element of caveolae that is necessary for their biogenesis (Hayer et al., 2010a; Parton and del Pozo, 2013) . Given the proposed role of caveolae in regulating the mechanical properties of cells (Sinha et al., 2011) and the role of tissue mechanics in apical extrusion (Wu et al., 2014 , we tested how reducing CAV1 levels affected the extrusion of oncogene-expressing cells in AML12 liver epithelial monolayers. CAV1 KD depleted its protein expression by >90% ( Fig   S1a) and reduced the number of caveolae that were detectable, as shown by immunofluorescence microscopy for the caveolar coat protein, cavin-1 (Fig S1e) .
Deconvolution confocal microscopy further revealed that CAV1 co-accumulated with E-cadherin at cell-cell junctions in wild-type AML12 cells (Fig S1c) , suggesting that caveolae might preferentially localize to adherens junctions (AJ). This was confirmed both by thin section electron microscopy ( Fig S1b) and focused ion beam scanning electron microscopy (Fig S1d) , which showed clear concentration of caveolae close to the AJ at the apical region of the lateral border. Interestingly, caveolae clustered at AJ to form prominent rosettes (Fig S1d) , a mode of organization that is particularly sensitive to membrane tension (Golani et al., 2019) . To induce oncogenic extrusion, H-Ras V12 was expressed in groups of 1-2 cells that were surrounded by untransfected cells (Fig 1a) . Under these mosaic conditions, H-Ras V12 cells were apically extruded from the monolayers at ~ 5-times the rate seen when a control mCherry transgene was expressed (Fig 1b) . In contrast, 5 apical extrusion of H-Ras V12 cells was substantially reduced by CAV1 KD (Fig 1a,b) .
The specificity of the RNAi was confirmed by reconstitution with an RNAi-resistant CAV1 transgene (Fig 1a,b) . CAV1 KD also inhibited the apical extrusion of cells expressing oncogenic c-Src Y527F (Fig 1c) or K-Ras G12V (Fig S1g) . Thus, CAV1 was necessary for the extrusion of cells expressing a wide variety of oncogenes, suggesting that it might generally influence oncogenic extrusion.
Although CAV1 KD reduced caveolae in our cells (Fig S1a, e) , CAV1 can also have caveola-independent effects (Hayer et al., 2010b; Hill et al., 2008) . Therefore, we depleted Cavin1 (Fig S1f) , which is also necessary for caveolar integrity (Hill et al., 2008; Liu et al., 2008) . Cavin1 shRNA reduced the apical extrusion of H-Ras V12 (Fig 1d) and c-Src Y527F -expressing cells (Fig S1h) as effectively as did CAV1 KD. As CAV1 levels were not altered by Cavin1 KD under these conditions (Fig S1i) , this argues that oncogenic extrusion requires intact caveolae, not just the presence of
CAV1.
Oncogenic extrusion specifically requires caveolae in the surrounding epithelium.
Apical extrusion arises from the interaction between oncogene-expressing cells and the non-transformed cells of the surrounding epithelium (Hogan et al., 2009; Kajita et al., 2014) . To understand which of these cells required caveolae for effective extrusion we employed mixing experiments that depleted CAV1 in selected populations (Fig 2) . First, we depleted CAV1 in the oncogene-expressing cells. For this, we expressed H-Ras V12 in CAV1 KD cells, then mixed them with wild-type (WT) cells at a ratio (1:20) where the majority of H-Ras V12 /CAV1 KD cells were surrounded by WT cells (Fig 2a) . Surprisingly, H-Ras V12 /CAV1 KD cells underwent extrusion at rates comparable to those seen when H-Ras V12 was expressed on a WT background (Fig 2b) . Similarly, CAV1 KD in cells expressing c-Src Y527F did not affect their rates of extrusion, so long as the surrounding cell population was wild-type (Fig 2c) .
Therefore, CAV1 was not required in the oncogene-expressing cell for extrusion to occur.
This suggested that effective apical extrusion might only require caveolae to be present in the surrounding epithelial population. To test this, we mixed WT cells expressing H-Ras V12 (H-Ras V12 /WT) with CAV1 KD cells forming the surrounding epithelium (Fig 2d) . Here we found that extrusion was inhibited (Fig 2e) . Similarly, 6 extrusion of c-Src Y527F /WT cells was inhibited when their surrounding cells were CAV1 depleted (Fig 2f) . Together, these observations indicate that CAV1, and by implication, caveolae, are selectively required in the surrounding epithelium for oncogenic extrusion to occur. This suggested that caveolae may influence some general property of the epithelial monolayer that is necessary to permit oncogenic extrusion to occur.
CAV1 depletion increases epithelial monolayer tension.
Extrusion is influenced by patterns of contractile tension at cell-cell contacts (Wu et al., 2014) . We therefore focused on the possibility that CAV1 depletion might generally alter the biomechanics of AML12 monolayers. First, we used Bayesian
Inference Stress microscopy (BISM (Nier et al., 2016) ) to assess the supracellular or tissue-level stresses in monolayers. For this, traction force microscopy (TFM) was performed on cells grown to confluence on flexible PDMS substrata coated with fluorescent beads, and the cellular-level stresses were back-calculated from the TFM data. Wild-type AML12 cells showed heterogeneity, with regions that were tensile and others compressive. Overall, the average isotropic stress was compressive in these confluent cultures (Fig 3a) . Strikingly, however, average isotropic stress became tensile in CAV1 KD monolayers at similar densities and this was restored to resemble wild-type cells by reconstitution of CAV1 (Fig 3a) . In addition, treating CAV1 KD cells with the ROCK inhibitor Y27632 restored isotropic stress to control levels (Fig 3a) . This suggested that the tensile stress was due to an increase in cellular contractility. Therefore, CAV1 depletion increased tissue-level tension in the monolayers.
A major source of tissue tension in epithelia comes from the mechanical coupling of the actomyosin cytoskeleton to cell-cell AJ (Charras and Yap, 2018) . We tested if caveolae might regulate junctional tension by measuring recoil after Ecadherin junctions were cut with a laser. As previously reported (Ratheesh et al., 2012) , junctions displayed immediate recoil after laser ablation, confirming that they were under tension at steady-state (Fig 3b-d) . Recoil velocities were significantly and specifically increased by either CAV1 KD (Fig 3b,c) or cavin 1 KD (Fig 3d, S2a ). This increase in recoil was attributable to an increase in junctional tension, junctional friction being unchanged, as inferred from k-values when recoil was modelled as a Kelvin-Vogt fiber (Table S1 ). To corroborate this, we measured molecular level-tension at AJ using an a-catenin transgene that incorporates a FRET-based tensionsensor (TS) module (a-cat-TS) (Acharya et al., 2017) . Energy transfer across a-cat-TS was reduced in CAV1 KD cells compared with controls (Fig 3e) (Fig S2f, g ) and monolayer stress (Fig 3f) . However, caveolae remained detectable when immunostained for cavin-1 (Fig S2h) . MRLC-EGFP-AML12 cells were then mixed as neighbour cells with a minority of cells that expressed oncogenes on a WT-background (Fig 3g) . deficiency, it was then necessary to identify how CAV1 depletion increased contractile tension.
A formin is responsible for increasing tension at CAV1 KD junctions.
Contractile tension is driven by the actomyosin cortex (Chugh and Paluch, 2018) .
However, despite increased junctional tension, CAV1 KD did not change junctional levels of non-muscle myosin II (Fig S3a,b) . Nor was the expression of E-cadherin or its junctional dynamics altered by CAV1 KD (Fig S3c-g ). Instead, F-actin levels detected by quantitation of phalloidin intensity at junctions were subtly but 8 consistently elevated in CAV1 KD cells (Fig 4a) . This suggested that actin regulation might be altered by CAV1 depletion.
To pursue this, we first characterized F-actin network architecture by structured illumination microscopy (SIM). Apical junctional F-actin appeared more condensed in CAV1 KD cells (Fig 4b) and fewer overlapping filaments and bundles were evident after skeletonization (Fig 4c) . This implied that the co-linear architecture of the junctional cytoskeleton was enhanced by CAV1 depletion. This notion was reinforced by measuring nematic order of junctional F-actin after Fourier transformation of fluorescence signals from the SIM images (Fig 4d) (Reymann et al., 2016) . The nematic order tensor (Q) was reduced in CAV1 KD cells (Fig 4e) , consistent with decreased isotropy and a more co-linear organization of the actin filaments. Finally, we characterized actin dynamics by expressing G-actin tagged with photoactivatable-GFP (PAGFP-G-actin) and measuring its fluorescence decay after photoactivation (FDAP) at junctions (Fig 4f) . The half-life (T 1/12 ) of fluorescence decay was significantly increased at the junctions of CAV1 KD (Fig 4f) and Cavin1KD (Fig 4g) cells, compared with controls, implying that the F-actin pool was more stable.
Overall, these finding suggested that a mechanism that stabilized F-actin and promoted its bundling at AJ was overactive in CAV1 KD cells.
Formins were attractive candidates to mediate these effects, as they promote the assembly and stabilization of unbranched F-actin networks and are active at cellcell junctions (Goode and Eck, 2007; Grikscheit and Grosse, 2016; Schonichen and Geyer, 2010) . Indeed, the broad-spectrum formin inhibitor SMIFH2 corrected the increased F-actin levels seen at the junctions of CAV1 KD cells (Fig 4h) . Further, it also restored F-actin organization (Fig 4i, j) and actin dynamics (Fig 4k) in CAV1 KD cells to levels seen in wild-type or CAV1-reconstituted cells. Finally, SMIFH2
corrected the elevated junctional tension seen in CAV1 KD cells (Fig 4l) . This therefore implied that an over-active formin was responsible for increasing junctional tension when CAV1 was depleted.
FMNL2 formin is upregulated at adherens junctions in CAV1 KD cells.
In order to identify the responsible formin(s), we first screened for candidates expressed in AML12 cells with quantitative PCR (Fig S4a) . Formin transcript levels
were not altered by CAV1 KD (Fig S4b) , suggesting that any functional contributions to the CAV1 KD phenotype might arise at a post-transcriptional step. We focused on FMNL2 because its mRNA was relatively abundant (Fig S4a) and FMNL2-EGFP colocalized with E-cadherin at AJ in wild-type cells (a transgene being used in the absence of an antibody that was effective for immunofluorescence, Fig 5a) .
Furthermore, junctional FMNL2-EGFP was increased by CAV1 KD (Fig 5b; Fig 6b) , although this did not alter total expression of endogenous FMNL2 (Fig S4c) . Thus, CAV1 deficiency enhanced the junctional recruitment of FMNL2. Consistent with this, the stability of FMNL2-EGFP measured by FRAP was increased at junctions in CAV1
KD cells (Fig 5c,d ).
To test if FMNL2 was responsible for the biomechanical changes that arose from CAV1 deficiency, we depleted FMNL2 in CAV1 KD cells (Fig S4d) . FMNL2
shRNA specifically restored F-actin intensity (Fig 5e, Fig 6f) and junctional actin dynamics (Fig 5f,g ) of CAV1 KD cells to wild-type levels. Therefore, FMNL2
appeared necessary for the actin cytoskeleton to be dysregulated in CAV1 KD cells.
Importantly, FMNL2 KD also specifically corrected the elevated levels of monolayer and junctional tension seen in CAV1 KD monolayers, as measured by BISM (Fig   5h,i ) and junctional recoil (Fig 5j, S4e) , respectively. Thus, FMNL2 mediated the cytoskeletal changes that increased monolayer tension in CAV1 deficiency. We therefore hypothesized that this might reflect overactivity in the mechanism that recruits FMNL2 to junctions.
PtdIns(4,5)P 2 recruits FMNL2 to the junctions of CAV1 KD cells.
Multiple signals influence the cortical recruitment of FMNL2, including the Cdc42
GTPase and a number of lipid-binding mechanisms (Block et al., 2012; Kuhn et al., 2015) . In particular, FMNL2 contains an N-terminal myristoylation site and a polybasic region in its FH3 domain (Kuhn et al., 2015) that can bind to acidic phospholipids, such as phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ). We were unable to detect active Cdc42 at junctions using a location biosensor bearing the WASP GTPase-binding domain (Fig S5a) . Therefore, we focused on potential changes in membrane lipids, especially PtdIns(4,5)P 2 , to which cavin can bind Tillu et al., 2015) .
First, we characterized the cellular distribution of PtdIns(4,5)P 2 using a location biosensor that incorporates the PH domain of phospholipase Cd (PLCd-PH).
PtdIns(4,5)P 2 was evident at control AJ and, after correction for expression levels of the sensor, we observed a clear, CAV1-specific, increase in its junctional signal in CAV1 KD (Fig 6a) . To test if this might be responsible for recruiting FMNL2, we next blocked access to PtdIns(4,5)P 2 using neomycin, administered at levels that did not cause evident cell toxicity but displaced PLCd-PH from junctions ( Fig S5b) . Adding neomycin to CAV1 KD cells restored both junctional FMNL2 (Fig 6c) and the junctional stability of FMNL2-EGFP (Fig 6d) to control levels. This suggested that increased PtdIns(4,5)P 2 was responsible for recruiting and stabilizing FMNL2 at the junctions of CAV1 KD cells. We confirmed this with another PtdIns(4,5)P 2 -masking strategy, using PBP10, a cell-permeant peptide derived from the PtdIns(4,5)P 2 -binding site of gelsolin (Fig S5c; (Cunningham et al., 2001) ). PBP10 restored junctional FMNL2 in CAV1 KD cells to the same level as control cells (Fig S5e,f) , but no effect was seen with a control peptide (RhoB-QRL, Fig S5d, g ).
We then refined this analysis by disrupting the lipid-binding motifs of FMNL2 (Fig 6e) (Kuhn et al., 2015) . First, we screened the cellular localization of mutant transgenes expressed in FMNL2 shRNA cells. Junctional localization was abolished by mutating the PtdIns(4,5)P 2 -binding capacity of the polybasic domain (FMNL2 12A ;
Fig 6e) (Kuhn et al., 2015) . The localization of FMNL2 12A was completely cytosolic in cells that were wild-type for CAV1 and this was not affected by CAV1 KD (Fig 6b,   S5h ). This supported the notion that PtdIns(4,5)P 2 is necessary for cortical recruitment of FMNL2. Interestingly, junctional localization was also consistently abolished when the myristoylation motif was disrupted (FMNL2 G2A , (Kuhn et al., 2015) ; Fig6b, S5h) and when both motifs were mutated (FMNL2 G2A-12A ; Fig6b, S5h).
Therefore, both the myristoylation and PtdIns(4,5)P 2 -binding mechanisms are likely to participate in its junctional recruitment.
Then we used these mutants to test if membrane recruitment of FMNL2 was specifically required to alter the junctional cytoskeleton in CAV1 KD cells. Consistent with our earlier observations, the elevated junctional F-actin level seen in CAV1 KD cells was corrected by simultaneous FMNL2 KD (Fig 6f) (Fig 7a) . Similarly, SMIFH2 restored the ability of CAV1 KD monolayers to extrude HRas V12 cells (Fig S6a) , supporting the idea that excessive formin activity compromised extrusion in CAV1-depleted monolayers. However, the ability of CAV1-deficient monolayers to extrude HRas V12 cells was not restored if the neighbour population was depleted of either FMNL3 or INF2 (Fig 7a, S4d) . This reinforced the notion that FMNL2 was selectively responsible for disrupting extrusion in CAV1-deficient monolayers.
We then asked if junctional recruitment of FMNL2 by PtdIns(4,5)P 2 was responsible for compromising extrusion in CAV1 KD cells. For this, we reconstituted the FMNL2 KD/CAV1 KD neighbour cell population with lipid-binding FMNL2 mutants (Fig 7b) . Oncogenic extrusion was compromised when we reconstituted the surrounding epithelium with wild-type FMNL2 but not with FMNL2 12A (Fig 7b) , suggesting that PtdIns(4,5)P 2 -binding was necessary for FMNL2 to inhibit extrusion in CAV1 KD cells. Consistent with this, the capacity to extrude HRas V12 cells was also restored to CAV1 KD cells when the accessibility of PtdIns(4,5)P 2 was blocked with neomycin (Fig 7c) . Together, these argue that recruitment of FMNL2 by increased PtdIns(4,5)P 2 participates in disrupting extrusion in CAV1-deficient cells.
Oncogenic extrusion was also restored when FMNL2 KD/CAV1 KD neighbour cells were reconstituted with either FMNL2 G2A or FMNL2 . These findings reinforce the concept that cortical recruitment of FMNL2 was necessary to disrupt extrusion in CAV1-deficient cells.
Retained oncogene cells proliferate when extrusion is disrupted by CAV1 KD.
Finally, we asked what was the fate of oncogene-expressing cells when extrusion was disrupted (Fig 7d, S6b) However, the incidence of these clusters was significantly increased when extrusion was blocked with CAV1 KD in the neighbour cells (Fig 7d) . The effect of CAV1 KD was reversed by expression of exogenous CAV1, confirming its specificity (Fig 7d) .
These results strongly suggest that oncogene-expressing cells were retained in epithelia and proliferated when CAV1-deficient neighbours were unable to eliminate them by apical extrusion.
Discussion
Caveolae are mechanosensitive organelles that can influence cellular mechanics.
Our findings now reveal how caveolae also affect tissue mechanics to support epithelial homeostasis. They lead to two conclusions. First, caveolae can set tissuescale levels of contractile tension by a lipid-based signalling pathway that regulates the cortical F-actin cytoskeleton. Second, this affects the ability of epithelia to eliminate oncogene-expressing cells by apical extrusion. It carries the implication that tissue mechanics can complement cell-autonomous changes in the tumor cell to influence cancer outcome.
The intrinsic tissue tension of epithelial monolayers arises from, and is propagated by, the AJ that couple the contractile cortices of cells together (Charras and Yap, 2018) . CAV1 depletion increased epithelial monolayer tension in our experiments, evident at length scales from molecular-level tension to tissue-scale stress. Although CAV1 can have caveola-independent effects (Hayer et al., 2010b; Hill et al., 2008) , cavin-1 depletion also reduced junctional tension without affecting CAV1 levels. This common effect suggested that changes in caveola abundance can set levels of tissue tension in monolayers. Changes in cellular contractility are commonly thought to arise when signals such as MLCK and RhoA-ROCK alter the activity of Myosin II (Heer and Martin, 2017 (Block et al., 2012; Grikscheit et al., 2015; Grikscheit and Grosse, 2016) .
FMNL2 (and its related FMNL3) are unusual amongst the formins because they bear multiple lipid-binding domains (Kuhn et al., 2015) . These domains proved to be critical in our experiments, as contractility could be restored to normal by mutating the ability of FMNL2 to bind PtdIns(4,5)P 2 . Together, this indicated that FMNL2 was being recruited in response to the elevated levels of PtdIns(4,5)P 2 . This mechanism appeared to cooperate with the N-terminal myristoylation site, which is necessary, but not sufficient, for FMNL2 to interact stably with the membrane (Block et al., 2012) . Interestingly, although FMNL2 can also respond to Cdc42, we were unable to detect junctional Cdc42 activity in our experiments, consistent with earlier evidence that lipid-binding alone could support membrane recruitment of FMNL2 (Block et al., 2012) . Therefore, the increased levels of PtdIns(4,5)P 2 appeared to be responsible for increasing monolayer tension when caveolae were depleted.
PtdIns(4,5)P 2 has been observed to concentrate in caveolae (Bucki et al., 2019; Fujita et al., 2009; Parton and Collins, 2016) and cavins can bind PtdIns(4,5)P 2 directly . Thus, caveolar downregulation may have released this pool of PtdIns(4,5)P 2 into the bulk membrane for signaling. Caveolae can also influence membrane organization at the nanoscale (Ariotti et al., 2014) , with the potential of localizing PtdIns(4,5)P 2 in regions of the membrane. Irrespective of the precise mechanism, these findings reveal an alternative pathway for lipid signalling to control cell contractility by regulating actin dynamics and organization. Since tension was also reduced when Myosin II was inhibited with Y-27632 or blebbistatin (not shown), the PtdIns(4,5)P 2 -FMNL2 pathway is likely to complement the canonical activators of Myosin II by modulating the actin scaffolds that are also necessary for force generation (Linsmeier et al., 2016; Murrell and Gardel, 2012) .
Upregulation of the PtdIns(4,5)P 2 -FMNL2 pathway coincided with a defect in the ability of CAV1 KD cells to eliminate oncogene-transfected cells by apical extrusion. Oncogenic extrusion entails an active response of the host epithelium, 14 presumably responding to signals from the oncogene-expressing cell (Hogan et al., 2009; Porazinski et al., 2016) . Therefore, it was striking to find that caveolae were required only in the surrounding epithelium for the extrusion response to occur.
Extrusion occurred normally when CAV1 was depleted in the oncogene-expressing cell, but was defective when CAV1 was depleted in the epithelium. This suggested that the defect in oncogenic extrusion reflected some general change in CAV1-depleted monolayers, rather than a change in the transformed cells themselves.
Importantly, extrusion was restored to CAV1 KD epithelia by depleting FMNL2 or by interrupting its recruitment by PtdIns(4,5)P 2 . As these were exactly the maneuvers that restored tissue tension levels to normal, it suggested that extrusion was being disrupted by the general increase in tissue tension that the overactive PtdIns(4,5)P 2 -FMNL2 pathway elicited. Alternatively, it was possible that caveolae participated in allowing neighbour cells to detect the nearby presence of oncogene-expressing cells (Hogan et al., 2009 ). However, extrusion was also blocked in CAV1 wild-type epithelia when tension was increased by expression of exogenous MRLC. This reinforced the notion that altered tissue tension was key to the defect in oncogenic extrusion.
How might increased tissue tension inhibit the ability of the epithelium to extrude transformed cells? Contractile tension is focused in the zonulae adherente of polarized epithelial cells, and this contributes to retaining cells within monolayers (Wu et al., 2014) . Indeed, oncogenic extrusion was associated with downregulation of tension at the apical-lateral interface (Wu et al., 2014) . Therefore, re-setting tissue tension to a higher level, either indirectly by disrupting caveolae or directly by expressing MRLC, may have prevented apical tension from being reduced to a level sufficient to permit extrusion. As well, tissue tension can influence processes such as cell-cell rearrangements that may be necessary for epithelia to accommodate the elimination of cells (Fernandez-Gonzalez et al., 2009; Kobb et al., 2017; Marinari et al., 2012; Rauzi et al., 2008; Samarage et al., 2015) . Irrespective of the detailed mechanism, our findings argue that re-setting of tissue tension by the PtdIns(4,5)P 2 -FMNL2 pathway disrupted the homeostatic response to transformation in CAV1 KD cells.
Many studies have sought to characterize how caveolae influence cancer;
these have revealed complex links between the expression of caveolar components and tumour progression or suppression, which have been difficult to resolve.
Typically, these experiments have been interpreted from the cell-autonomous 15 perspective of the tumor cell (Engelman et al., 1997; Lee et al., 1998; Sagara et al., 2004; Yang et al., 1998) . Our results suggest that it is also important to consider the caveola-status of the host epithelium. Apical extrusion has been proposed to represent an early-response mechanism that allows epithelia to eliminate newlytransformed cells from the body, potentially before they have proliferated to any significant degree (Hogan et al., 2009; Kajita and Fujita, 2015; Kajita et al., 2010; Kon et al., 2017; Ohoka et al., 2015; Sasaki et al., 2018) . Failure of the epithelium to execute oncogenic extrusion would then be predicted to promote tumor cell retention and potential proliferation. Indeed, this is what we observed when CAV1 was depleted in neighbour cells, even though the oncogene-expressing cells were CAV1-wildtype. This may be one pathway for CAV1 deficiency to prime epithelia, increasing their susceptibility to DMBA-induced tumorigenesis (Capozza et al., 2003) . Recently, the caveolar status of cancer-associated fibroblasts was reported to influence tumor development (Goetz et al., 2011) . Our observations imply that the host epithelium should also be considered as part of the tumor microenvironment.
We conclude that caveolar status influences epithelial mechanics and homeostasis by controlling the levels of PtdIns(4,5)P 2 that are available to signal at the membrane. While our experiments utilized stable depletion of caveolar components, membrane lipid composition and organization changed in similar fashion when caveolae were dynamically disassembled in response to hypotonic stress as when they were stably disrupted by CAV1 or cavin KD (Ariotti et al., 2014 ).
It will therefore be interesting to test if the PtdIns(4,5)P 2 -FMNL2 pathway is also engaged when caveolae undergo dynamic disassembly. Such disassembly occurs when membrane tension increases in response to mechanical stresses. Rosettes or clusters of caveolae are especially sensitive to caveola flattening (Golani et al., 2019; Lo et al., 2016; Lo et al., 2015; Sinha et al., 2011; Yeow et al., 2017) and were a particular feature of the caveolae in the junctional regions of the epithelial cells studied here. Thus, caveolae may complement other mechanotransduction pathways found at cell-cell junctions by conferring sensitivity to changes in membrane tension.
More generally, our findings highlight the capacity for PtdIns(4,5)P 2 to control epithelial mechanics. Other mechanisms exist at junctions to influence PtdIns(4,5)P 2 , including lipid kinases and phosphatases as well as lipid-binding scaffolds (Balla, 2013; Budnar et al., 2019; Laux et al., 2000) . Caveolae may then collaborate with a regulatory network that tunes PtdIns(4,5)P 2 to set the level of tensional stress in monolayers. Rescue GFP epithelial monolayers.
All data are means ± s.e.m; n.s, not significant; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; calculated from N=3 independent experiments analysed with two-way ANOVA Tukey's multiple comparisons test. Scale bar, 10µm. All data are means ± s.e.m; n.s, not significant; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; calculated from N=3 independent experiments analysed with two-way ANOVA Tukey's multiple comparisons test. All data are means ± s.e.m; n.s, not significant; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; calculated from N=3 independent experiments analysed with one-way ANOVA Tukey's multiple comparisons test except (f) and (g) which were analysed by Student's t-test. Scale bar, 10µm. 
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